Understanding conformational changes are important when studying a protein such as calmodulin (CaM), which activates various target enzymes and regulates numerous physiological functions. CaM is a highly flexible protein that can transitorily adopt various conformations. A quartz crystal microbalance with dissipation (QCM-D) sensor was used to study binding-induced conformational changes of surface-immobilized CaM. Structural changes of CaM were evaluated using the Voigt's viscoelastic model with frequency (ΔF) and dissipation change (ΔD). When Apo-CaM layer was incubated in 0.1 mM Ca 2+ solution, the layer decreased by approximately 0.56 nm, due to the release of coupled water molecules and conformational change. The application of CaM itself also caused a significantly more compact layer, supporting previous findings that CaM dimerization forms a collapsed structure that exposes a hydrophobic tunnel. The binding characteristics of CaM with peptides derived from proteins in a signal transduction pathway also demonstrated diverse biophysical properties of the CaM complexes. Each peptide showed a unique ΔD/ΔF pattern indicating versatility of CaM configuration to favorably adjust to each target molecule. The study demonstrates that the QCM-D sensor is capable of simultaneously studying binding affinity and plasticity of protein configuration for target binding. The CaM data obtained on hydrated protein layer thickness is complementary to configuration measurements of a single CaM molecule.
Introduction
Calmodulin (CaM) is a calcium (Ca 2+ )-binding protein that can bind to and regulate a multitude of different target proteins [1] . CaM consists of 148 amino acid residues and belongs to a class of ubiquitous proteins with similar structure characterized by their distinctive helixloop-helix Ca 2+ -binding motif, the so-called EF hand. Like many other Ca 2+ -binding proteins, CaM undergoes a conformational change upon binding to Ca 2+ , which enables it to bind to specific proteins for a specific response [2, 3] . This feature is common among the calcium binding protein superfamily. The structure of the Ca 2+ /CaM complex has been resolved by X-ray crystallography, EIS-MS, 2D-IR [4] and NMR studies [1, 5] . CaM is shown to exhibit a dumbbell shape composed of two globular domains linked by a long flexible central helix [6] . CaM exhibits a great diversity of conformational changes when it binds to various binding moieties. The solution structure of a CaM with a 26 residue synthetic peptide comprising of skeletal muscle myosin light chain kinase (skMLCK) has been identified by multidimensional NMR [5] . A recent study reports AFM also could detect conformational change of immobilized CaM from apo-CaM to Ca 2+ saturated holoCaM [7] . Single-molecule force spectroscopy by AFM enabled direct observation of CaM interaction with peptides from skMLCK and CaM-dependent kinase (CaMKK) [8] [9] [10] . By applying mechanical force, the result revealed different degrees of cooperativity for CAMbinding peptide sequences. They also suggested that target peptides to only partially Ca 2+ -saturated CaM may play a crucial role for finetuning the intracellular response to Ca 2+ signals [8] .
Our focus is to present a simple method to identify and characterize binding-induced conformational change of surface immobilized proteins using a QCM-D sensor. CaM was used because it is a well-studied molecule for conformation change when binding. To demonstrate the versatile dynamics of binding characteristics, it would be ideal to choose peptides from a series of proteins that work in concert within a single cell. As a model system, peptides were derived from proteins present in a single olfactory sensory neuron. CaM plays a pivotal role in olfactory signal transduction cascade by regulating a number of channels, enzymes and receptors, such as olfactory cyclic nucleotide-gated (CNG) channels, ryanodine receptors (RYRs), plasma membrane calcium-ATPase (PMCA), and 3', 5'-cluclic nucleotide phosphodiesterase (PDE), plasma membrane sodium-calcium exchanger (NCX), etc. [11] [12] [13] . These proteins are all well known for interacting with Ca 2+ /CaM for regulating specific activities [11] . Tentative CaM binding sequences of peptides within those proteins were selected by in silico scan and also from literature [12] . Among them, XIP (exchanger Inhibitory Peptide) region of sodium calcium exchanger (NCX) is a well-known peptide, which we will call peptide X for simplicity. NCX is known to bind to Ca 2+ /CaM [14] to regulate its ion transport functionality and the peptide X inhibits its own NCX activity when applied in the cytosol [15] . Studying interaction between CaM and peptides that are involved in the single signal transduction cascade would serve as an example to demonstrate versatility of CaM configuration in target binding. Understanding characteristics of binding between Ca oscillating quartz crystal disk at this resonant frequency for adsorbed mass. If the adsorbed film is thin and rigid, the mass uptake can be linearly correlated to the frequency change by the Sauerbrey equation.
∆m=-C/n ∆F where C is the mass-sensitivity constant (C=17.7 ng Hz -1 cm -2 for a 5 MHz resonance frequency), n is the overtone number, Δm (ng/ cm 2 ) is the adsorbed mass per unit area, and ΔF(Hz) is the frequency shift. However, water is usually coupled with the soft and viscoelastic biomolecule. The QCM-D enables measurement of damping of oscillation or dissipation (ΔD) by periodically on-and-off voltage simultaneously. The dissipation change provides assessment of flexibility/viscoelasticity of the adsorbed mass and structural property [17] . For viscoelastic layer of protein complexes, we employed the Voigt's viscoelastic model. In the Voigt's model, both ΔF and ΔD information and multiple overtone measurement were used to estimate thickness of the total mass of the film including both protein and coupled water [18] . Simultaneous measurement of ΔF and ΔD of the QCM-D sensor provides information on structural characteristics of biomolecular interactions. Therefore, the QCM-D technique has been used to detect conformation change of polymer chains [19] and biological interactions [20] .
In this study, we utilized a QCM-D sensor to characterize interaction between CaM and its various binding moieties including Ca 2+ ions, CaM-binding proteins and peptides. A considerable body of evidence indicates that CaM can assume multiple modes of interactions with targets. This paper demonstrates that bindinginduced conformational changes of surface immobilized CaM can be observed using the QCM-D technique.
Equipment and materials
The measurements were made with a QCM-D sensor (Biolin Scientific Holding AB, Sweden) apparatus. An AT-cut quartz crystal with a fundamental resonant frequency of 5 MHz was from Biolin Scientific Holding AB (Q-sense AB). 16-Mercaptohexadecanoic acid (16 MHA), 11-Hydroxy-1-undecanethiol (11-HUT), (1-Mercapto-11-undecyl) hexa (ethylene glycol) (MUHEG), and biotin-terminated tri (ethylene glycol) hexadecanethiol (BAT) was purchased from Asemblon, Inc. Bovine calmodulin, biotin-calmodulin, and calcineurin were purchased from EMD Chemicals, Inc. Peptide XIP was provided by Dr. Margolis (University of Maryland School of Medicine) and all other synthetic peptides were generated from Biosynthesis, Inc. Peptide sequences are listed in Table 1 . All other chemicals were purchased from Sigma-Aldrich, Inc.
Sensor surface preparation
For QCM disks, the gold surface was cleaned for 10 minutes with ultraviolet-ozone (UVO) cleaning, immersed for 5 minutes in 5:1:1 miliQ water: 16% ammonium hydroxide: 30% hydrogen peroxide solution at 75°C and then thoroughly rinsed in miliQ water. The QCM disks were then dried with a N 2 stream and were used for the next surface preparation steps. In an effort to reduce experimental errors and to ensure consistency, only freshly prepared QCM disks were used for all experiments.
To prepare biotinylated QCM surface, clean QCM disks were immersed in a self-assembled monolayer (SAM) solution overnight. The SAM solution consisted of a 90:10 mixture of (1-Mercapto-11-undecyl) hexa (ethylene glycol) (MUHEG) and biotin-terminated tri (ethylene glycol) hexadecanethiol (BAT). After rinsing with 200 proof ethanol and drying with a N 2 stream, the biotin-SAM prepared QCMs were ready and kept in a room temperature until use. 
QCM-D Measurement
The QCM-D sensor allows simultaneous measurement of several harmonics at fundamental frequencies of 15, 25, and 35 MHz, corresponding to the overtones of n=3, 5, and 7 respectively. The frequency and dissipation change presented in this study were based on overtone of n=3. All the measurements were collected in a precisely temperature (23.0 ± 0.01°C) controlled environment. The flow rate was set as 100 µl/min [21] . The measurement noise in measuring the frequency and dissipation were ±0.02 Hz and ±0.01×10 -6 , respectively. All the experiments were conducted after obtaining a stable baseline for at least 10 minutes. The baseline part was truncated in the figures to focus on the binding events.
CaM binding experiments were carried out as follows: (1) establish a stable baseline in a zero Ca 2+ HEPES running buffer (in mM: NaCl 150, HEPES 10, EGTA 1 pH 7.4) for at least 10 minutes; (2) apply 1mM neutravidin solution to biotin-SAM prepared QCM surface until the frequency change reaches -45~50 Hz and wash with the running buffer; (3) apply biotinylated CaM solution for frequency change of -6~7 Hz and wash with the running buffer. After these steps, CaM was immobilized on the sensor surface via biotin-neutravidin linkages. Finally, various samples of CaM binding moieties were applied. For Ca 2+ saturation experiments, HEPES buffer with 0.1 mM Ca 2+ (in mM: NaCl 150, CaCl 2 0.1, HEPES 10, pH 7.4) was used.
SPR experiments
The SPR measurement was made with a BIACORE 3000 (Biacore AB, Uppsala, Sweden) system. The CM5 chip was activated with a 1:1 mixture of 0.2 M NHS and EDC in water. Synthetic peptides (1~5 µM in 10 mM sodium acetate pH 5.0) were then immobilized on the surface, resulting in the SPR signals of ~700 RU. Unreacted sites were blocked with 1 M ethanolamine (pH 8.5). For a negative control, a control flow cell was simultaneously activated using NHS/EDC solution and blocked without any peptides. CaM was applied at various concentrations of 0, 15.6, 31.25,..., 1000 nM in a 0. 
Data analysis
All QCM-D data were modeled using a viscoelastic Voigt model using QTools 3 software (Biolin Scientific AB, Sweden). Three overtones (n=3, 5, 7) were used for the modeling and the protein film was modeled as a homogenous single layer [17] . The dissociation constant (K d ) for binding experiments was calculated with nonlinear regression of one site specific binding of saturation data using the Prism version 5 (GraphPad Software, Inc., LaJolla, CA). K d value from Biacore sensor were evaluated using Biacorevalution version 4.1 software (Biacore) which used a 1:1 Langmuir binding model. All the data are representatives of three separate experiments and are presented with a mean ± S.D.
Results and Discussion

Comparison of CaM deposition methods
The QCM sensor surface was modified by several methods including direct adsorption, self-assembled monolayers (SAM) for amino coupling, and SAM with neutravidin-avidin capture. All these methods are widely used; however, the need of stable and specific baseline is particularly important for the low signal-to-noise measurements. Gradual increase of baseline frequency (Hz) over time (10 minutes), which occurred due to leaching of immobilized proteins, was used as a measure of baseline stability. Greater change in the baseline indicated instability of the immobilized protein layer. Nonspecific binding was identified by applying calcineurin (CN) sample to the control cell that was prepared without CaM. Although the QCM-D sensor intrinsically reduces nonspecific binding due to its mechanical oscillation and the vacant sites were blocked with ethanol amine, significant non-specific adsorption occurred with direct adsorption and amino coupling methods (Figure 1 ). On the other hand, the neutravidin-biotin capture on the biotin-functionalized thiols (mixture of 10% of BAT and 90% of MUHEG) provided the best platform for CaM immobilization. In this setting, biotinylated proteins were immobilized on the Neutravidin, which was bound to biotin-functionalized SAM at 10% of the total surface area to avoid steric hindrance and ensure controlled orientation of proteins. In addition, hydrophilic poly ethylene glycol (PEG) chains within the SAM were used to deter non-specific adsorption of proteins. The biotin-neutravidin capture method provided the most stable baseline with less than 0.1 Hz change in 10 minutes and minimal non-specific binding as shown in Figure 1 . This result assures that the binding signals of subsequent experiments are from a very stable baseline and specific binding only.
CaM conformation change due to Ca 2+ binding
To study binding-induced structural change of CaM, we monitored Ca 2+ induced modification of CaM structure with the QCM-D sensor. Since CaM is immobilized onto the neutravidin-biotin complex and SAM, it is important to test whether these layers undergo any alteration to the Ca 2+ concentration change. The thickness of neutravidin decreased by 0.18 ± 0.013 nm when saturating Ca 2+ buffer was applied. This change was reflected in the CaM layer thickness calculation for subsequent experiments.
When the apo-CaM layer was exposed to 0.1 mM Ca 2+ , increased frequency and decreased dissipation were observed. This means both thickness of immobilized CaM layer was and flexibility were decreased. The viscoelastic film thickness of Ca 2+ /CaM layer was estimated to decrease by 0.56 ± 0.12 nm (n=9) according to the Voigt model ( Figure  2 ). Re-application of zero Ca 2+ buffer (quenched with EGTA) reversed this phenomenon, recovering the Apo-CaM layer thickness (Figure 2A) . It is well known that CaM undergoes a pronounced conformational change that exposes a hydrophobic pocket and forms so called "bilobed" Ca2+/CaM structure [22] . The reduced thickness in the Ca 2+ / CaM layer can be explained that, a large hydrophobic surface that is buried in apo-CaM becomes exposed to the solvent and thus a part of coupled water is released [3] . It is notable that transition from apo-CaM to holo-CaM appears as two stages, a slower change followed by a steep thickness change as indicated in Figure 2 . This first stage consists of average 17 % of entire thickness changes (n=10) during saturation of apo-CaM with Ca
2+
. The observed "two stage" transition can be attributed to transition from the structure at low level of Ca 2+ to that of saturating level of Ca 2+ [23] . As suggested in the single molecule force study by AFM, partially saturated CaM is favorable for certain binding moieties [8] . The slow change shows that a distinctive configurational change occurs at the lower level of Ca
, and CaM fully folds to become holo-CaM at the saturating Ca 2+ concentration. However, in the reverse experiment where EGTA added zero Ca 2+ solution was reapplied to the Ca 2+ saturated CaM layer, the reverse transition from holo-CaM to apo-CaM did not show any distinctive transition to intermediate forms.
The QCM-D observation of the CaM structure change for Ca 2+ binding is coherent with the NMR observation. In the NMR study, a comparison of the structures of the apo-and Ca 2+ saturated CaM showed that Ca 2+ binding causes major rearrangements of the secondary structure elements with changes in inter-residue distances and exposure of the hydrophobic interior of the four-helix bundle [24] . In the recent AFM study on structure of a surface immobilized single CaM, application of Ca 2+ caused thickness change of 0.39 ± 0.13 nm from CaM (1.87 ± 0.19 nm) to Apo-CaM (2.26 ± 0.21 nm) [7] .
It should be noted that the thickness change information obtained from this study was averaged value on hydrated and surface immobilized ensemble of CaM molecules before and after Ca 2+ application. The data provided valuable information on the conformational change with a relatively easy and quick experimental setting. The result suggests that the QCM-D study can be a complementary method to study conformation change of Ca 2+ binding proteins.
CaM binding characteristics with protein partners
A well-known protein binding partner, calcineurin (CN, ~20 kDa) which has a similar size to the CaM was applied in presence of Ca 2+ on the CaM immobilized surface. Adsorption of calcineurin resulted in negative ΔF and positive ΔD, which was interpreted as added thickness and increased flexibility of the layer. This is a stereotypical binding for majority of protein binding events that do not involve significant conformational change. Using the QCM-D sensor, CN was detected at the level of 50 nM with the sample volume of 200 µL ( Figure 3A) . The affinity constants were estimated to be K d =8.8 ±1.1 nM using the equilibrium signals, which are consistent with the previously reported values [25] . This experiment was performed to demonstrate CaM binding that does not cause significant conformational change. Most of protein binding causes increase in thickness and flexibility due to higher water content and less close-packed nature of these films. When this experiment was repeated in absence of Ca 2+ , the signal was insignificant confirming Ca 2+ dependence of CN binding to CaM [26] .
CaM dimerizes readily and this phenomenon plays an important role in their regulation of target enzymes and channels [27] . In order to test whether the dimerization causes any conformational change, various concentration of CaM was applied to the sensor surface where biotinylated-CaM was immobilized. The interaction caused the thickness of the film decreases (positive ΔF and negative ΔD). Binding of equal size CaM onto CaM itself did not cause increase of film but rather lead to reduce the film thickness. The binding is characterized by fast association and fast dissociation kinetics, supporting the previous findings that CaM dimerizes through non-covalent binding such as electrostatic interactions within dimers [27] . The binding affinity was observed to be K d =25 ±1.2 nM based on the equilibrium data of thickness, which is consistent with reported data [27] . The dimerization was observed regardless of presence of Ca 2+ ions in the solution.
Combination of ΔD and ΔF data can provide insights into understanding the differences in dynamic binding behaviors of CaM and its binding partners [17] . If a protein binding causes extended conformation, it would be positioned in the left and upper quadrant in the ΔD vs. ΔF plot. On the other hand, if the binding causes more compact structure, it would be positioned in the right and lower quadrant. In Figure 3C , ΔD and ΔF plots of CaM-CN and CaM dimers were compared. The plot for CaM-CN showed a typical binding characteristics of negative ΔF and positive ΔD due to the augmented layer thickness, increased flexibility, loose binding, and higher degree of hydration in the layer. In contrast, CaM dimerization showed positive ΔF and negative ΔD. This indicates formation of well-structured complex with a high binding strength and less water entrapment due to dehydration ( Figure 3D ). This suggestion is supported by a number of reports that CaM dimerization is formed between isolated calcium binding loops of EF hand proteins [27] and creates a hydrophobic tunnel, forming a collapsed structure.
Ca
2+ /CaM binding to various peptides
To determine versatile adaptation of a CaM structure, characteristics of binding between various synthetic peptides and CaM was studied. Synthetic peptide sequences were selected from CaM binding proteins in a sensory neuronal cell (see Table 1 for the peptide sequences) and each peptide was applied to surface immobilized Ca 2+ / CaM layer separately. Since peptides are significantly smaller (10-13% in amino acid length) than CaM, the observed thickness change of the film is mostly attributed to that of a CaM layer. Combinational ΔD and ΔF plot captured the distinct viscoelastic properties of peptides and Ca 2+ /CaM binding ( Figure 4) . The dissociation constant of each binding is summarized in Table 1 . Among all the peptides we tested, Peptide X binding to Ca 2+ /CaM resulted in the most dramatic change of a CaM structure (positive ΔF and negative ΔD). In ΔD-ΔF plot, CaM binding to Peptide X is positioned in the right and bottom quadrant as shown in Figure 4 . This indicates that dehydrated, structured, and more compact CaM layer was formed when Peptide X was bound to CaM. This is again a salient example of observing conformational change where CaM conformation changes to wrap around the Peptide X and the hydrophobic chains releases entrapped water, resulting in smaller mass and energy loss.
Binding experiments of CaM and Peptide X was also performed in Biacore setting to confirm the binding affinity. In the Biacore setting, CaM was immobilized via amino coupling on a CM5 chip and Peptide X was applied on the sensor surface [14] . The binding affinity was estimated to be around ~20 nM confirming the QCM-D data. However, structural information of the binding was not obtained in the Biacore setting. This result confirms that QCM-D enabled accurate affinity measurement while providing additional information on structural rearrangement.
Peptide C-Ca 2+ /CaM binding caused negative ΔF due to increased thickness, however, little change in dissipation, indicating that the overall flexibility of the layer decreased. Interaction with Peptide R also showed the same non-classical conformation change of negative ΔF and neutral ΔD [13] . These can be interpreted as the binding forms a dehydrated and packed layer and the degree of dehydration is less extensive than Peptide X-Ca In all data, ΔD/ΔF is constant over different concentration range (0-20 µM of peptides) which indicates that the viscoelastic properties of peptides-CaM were independent of the concentration range tested in these experiments. Taken together, the ΔD-ΔF plot shows dynamic structural change upon the binding of peptides to the CaM. All the peptides caused more compact structure but at different degrees. This result supports the versatility of CaM molecule which reacts with multitudes of proteins to regulate various cellular functions.
Conclusions
The QCM-D allows measurement of changes in viscoelastic, watercoupled protein layer thickness and viscoelasticity. Most of binding increases the film thickness, however, when protein folding exposes more hydrophobic region for binding, the entrapped water molecules are released leading to decreased thickness change. This makes the QCM-D sensor a great tool to quickly assess conformational change for various target bindings for CaM or other Ca 2+ binding proteins. The QCM-D measurement provides averaged film thickness and viscoelasticity information on ensemble of hydrated protein molecules. These data can be complementary to structural information obtained from single molecular measurements [8, 10] . The QCM-D measurement also allows binding affinity screening for unknown binding targets and simultaneously collecting conformational change in an easy and quick experimental setting. In this study, the QCM-D measurement provided experimental verification on ability of CaM to achieve a large range of diverse conformations at three levels of binding moieties -Ca 2+ ions, peptides and proteins. Peptides were exclusively selected from an olfactory sensory neuron to demonstrate diversity and versatility of target binding even in type of neuronal cell.
We suggest that QCM-D measurement is a simple yet effective way of revealing diverse conformational changes to gain better insights into structural plasticity and target binding of Ca 2+ binding proteins. 
